An "experimental" valence state of metal complexes is sometime different from the "formal" oxidation state, especially in the species having redox active ligands. This difference can be seen in biological system, such as iron(IV)-porphyrin π-cation radical in some heme proteins and copper(II)-phenoxyl radical in galactose oxidase (GO). Although structural characterizations of these species by X-ray diffraction methods have been rare due to their stability, some artificial metal-phenoxyl radical complexes have been synthesized and successfully characterized by X-ray crystal structure. In this review, syntheses and X-ray crystal structures of the one-electron oxidized metal-phenolate complexes, metalphenoxyl radical, and high-valent metal phenolate species are discussed.
Introduction
The oxidation chemistry of metal complexes has been widely developed in recent years, affording deep insights into the reaction mechanisms for many useful homogeneous catalytic reactions and reactions at the active site of metalloenzymes [1] .
Some oxidative reaction intermediates have been successfully characterized by various methods [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , and especially X-ray crystal structure analysis of some intermediates revealed the geometrical change in the reaction and the oxidant binding structure of metal complexes [5] [6] [7] [8] [9] [10] [11] [12] . On the other hand, the oxidation state of the metal ions in the active species has not been fully understood, because the oxidation locus on oxidized metal complexes is often different from the "formal" oxidation site [13] [14] [15] . The "formal" and "experimental" oxidation numbers are frequently used as synonyms, since the term of the physical or experimental oxidation state has not been accepted in some areas of chemistry.
The valence state difference began to attract attention in early 1990's from the studies on galactose oxidase (GO) [16] [17] [18] . GO is a single copper oxidase, which catalyzes a two-electron oxidation of a primary alcohol to the corresponding aldehyde. The active site structure of the inactive form of GO is shown in Figure 1 , where two imidazole rings of histidine residues, two phenol moie- ties of tyrosine residues, and an acetate ion are coordinated to the copper(II) ion [19] .
Conversion to the active form of GO occurs upon one-electron oxidation, since this active form should act as a two-electron oxidant [16] [17] [18] [19] . The formal oxidation state of the active form of GO can be described as a Cu(III)-phenolate species. Actually, the active form of GO had been considered to be a copper(III) species [20,free phenoxyl radical is very unstable with the half life estimated to be 2.4 μs under ambient conditions, while the Cu(II)-phenoxyl radical in the active form of GO has a long life; the radical is not quenched for more than one week at room temperature [23] . Thus, properties of the metal coordinated phenoxyl radical show a significant change from those of the free phenoxyl radical.
The valence state difference as expected for one-electron oxidized Cu(II)-phenolate species can be detected in the X-ray crystal structure. For example, the formal oxidation number of the central metal ion of the complexes of iminophenolate dianion, (L AP ) 2− is not always identical with the experimental valence state [24, 25] . In the case of [Ni (L   AP   ) 2 ] 0 , the formal oxidation state of the central nickel ion is +IV, but the experimental valence state of nickel can be assigned to +II, and two iminophenolate dianions are oxidized to iminosemiquinonate radical anions (L SQ ) − (Figure 2 ) [24] . The X-ray structure of this complex revealed that the electronic structure of the ligand is different from that of the free ligand, H 2 L AP ; the C-O bond in complexes is shorter and the ortho-C-C bonds are longer in comparison to H 2 L AP , which is assignable to the semiquinonate monoradical. Findings on such an oxidation state difference were reported early in 2000, though some analogues of this complex had previously been reported [15] . One of the reasons for this may be considered to be that the X-ray structures of a series of these analogues did not show significant geometrical changes of the complexes as a whole. However, subtle ligand structural changes were already pointed out in the previous analyses [25] .
This review deals with recent advances in the chemistry related with the oxidation behavior of some metalphenolate complexes and their properties, with emphasis on X-ray crystal structures of metal-phenoxyl radical complexes together with high valent metal-phenolate complexes. In general, the X-ray diffraction method is sometimes difficult for full understanding of the experimental valence state and the detailed electronic structure, while the recent high resolution analysis possibly reveals the electronic structures, since the small geometrical change upon oxidation can be detected. This review mainly focuses on the relationship between geometrical and electronic structures of one-electron oxidized metal-phenolate complexes.
Formation of Metal-Phenoxyl Radical Complexes
Due to the low stability of the uncoordinated free phenoxyl radical, the metal-phenoxyl radical complexes were prepared by one-electron oxidation of the metal-phenolato complexes. The first successful formation of the phenoxyl radical complexes was achieved by chemical and photochemical oxidations of the iron(III)-phenolato complexes (Scheme 1) [26] . This iron-phenoxyl radical complex was stable for more than one year under the dry air at room temperature, and therefore this complex could be isolated as a powder. The oxidants used for generation of the metal-phenoxyl radical species were unstable monoradical species, such as SO 4 •-. Use of more stable chemical reagents and electrochemical oxidation later became popular partly due to easy stochiometric handling. For these methods, determination of the redox potential of the radical formation is important. The tyrosyl radical formation potential by one-electron oxidation of the phenol moiety was reported to be 0.94 V vs. NHE [27] , which is relatively high as compared with the stable metal-centered oxidation potentials such as those for Fe II /Fe III and Co II / Co III [28] . The oxidation potentials of the metal coordinated phenolates so far reported are generally lower than those of free phenols, and the potential for generation of the active form of GO is as low as 0. 41 [28, 31] . After the reaction, this oxidant can be removed from the reaction mixture by filtration and is therefore useful for in situ crystallization of the metalphenoxyl radical species.
Elelctrochemical oxidation of the metal-phenolate precursors gives the metal-phenoxyl radical complexes [29] , but the bulk electrolysis sometimes takes a long time in comparison to the life-time of the oxidized complex. On the other hand, generation of the metal-phenoxyl radical by air-oxidation has been reported [15, 32] , especially for the complexes of bidentate ligands, such as o-aminophenolate and catecholate, to give semiquinonate complexes [15] . However, the air-oxidation method is quite limited due to its low potential for the monodentate phenolate oxidation. Methods based on spontaneous formation of the metal-phenoxyl radical have been reported, formation by disproportionation of the Cu(II)-phenolate species [33, 34] being a unique example.
General Structural Features of Metal-Phenoxyl Radical Complexes
Free phenoxyl radicals are electron deficient and therefore highly reactive [35] . Even though specific techniques such as flash photolysis or pulsed radiolysis have been successfully used for detection of phenoxyl radicals, simple phenoxyl radicals are rather uncommon due to their low stability. Stabilization of the phenoxyl radicals has been attained by substitution of functional groups in the ortho-and para-positions. The spin density of the radical electron on the phenoxyl radical species was estimated to be significantly high in ortho-and para-positions. For understanding the electronic structure of the phenoxyl radical, the canonical presentation of phenoxyl radical is useful, as shown in Scheme 3. The canonical forms are reflected in the crystal structures of metal-phenoxyl radical complexes. The C-O bond length of the phenoxyl radical complexes becomes shorter and the ortho-C-C bonds are longer in comparison to the phenolate moiety.
Further, π-electron donating substituents, such as the methoxy group, in ortho-and para-positions also stabilize the phenoxyl radical, whose quinoid character is emphasized [36] . On the other hand, the metal-oxygen bond of the phenoxyl radical is longer than that of the metal-phenolate due to the electron deficiency of the phenoxyl radical. However, some of the phenoxyl radical complexes show the shortening of the metal-oxygen bond length of the phenoxyl radical as a result of delocalization of the unpaired electron (vide infra). In this case, no significant radical structural feature is shown in the crystal structure. Difference between metal-centered oxidation and metalphenoxyl radical species can be detected in X-ray crystal structures. The metal-oxygen bond lengths of high-valent metal-phenolate complexes are shorter than those before oxidation, which is different from the characteristic of meta-phenoxyl radical complexes. The high-valent metalphenolate complexes should have "phenolate" moieties, so that the structural change of the phenolate moiety is rather small in comparison to the phenoxyl radical complexes [37] .
netic and redox innocent in the classical potential range. The Cr III -phenoxyl radical complex having a three phenolate moieties connected with the triazacyclononane backbone is the first example of the metal-monodentate phenoxyl radical complex revealed by the X-ray crystal structure analysis (Figure 3 ) [38] . The crystal structure of this complex having a p-methoxyphenoxyl radical shows a quinoid distribution of the bond lengths in the phenoxyl ring, as observed in the structure of the tri(alkyl)phenoxyl radical. As expected, the Cr-O phenoxyl bond is weakened in comparison with the other phenolate moieties in this complex. Therefore, this complex is a relatively localized radical complex, which can be described as [Cr(phenoxyl)(phenolate) 2 ] + . However, no X-ray crystal structures of the other metal complexes having this ligand and its analogues have been reported yet.
longer in comparison to the Cu-phenolate bond. Such characteristics are in good agreement with the corresponding structural features of the metal-phenoxyl radical complexes. Therefore, this complex has a localized electronic structure described as Cu II (phenolate) (phenoxyl radical). Other metal complexes having this ligand, such as cobalt(II) and zinc(II) complexes, have also been reported. The Zn and Co complexes showed structural characteristics similar to those of this copper complex, indicating that they can also be assigned to the localized phenoxyl radical complexes, [M II (phenolate)(phenoxyl radical)] + . However, X-ray crystal structure analysis of the Co(II)-phenoxyl radical complex has not been reported yet [41] .
Structures of One-Electron Oxidized
Metal ( The first example of X-ray crystal structural analysis of the Cu II -phenoxyl radical complex shown in Figure 4 has a relatively localized structure with one of the two phenolate moieties oxidized to the phenoxyl radical [39, 40] . The two C-C bonds involving the C-O moiety in the radical are 0.03 -0.04 Å longer and the C-O bond is ca. 0.06 Å shorter than the corresponding bonds in the phenolate moiety. The two Cu-O bond lengths are also different, the bond length for the phenoxyl radical being The X-ray crystal structure analyses of one-electron oxidized group 10 metal salen-type complexes are shown in Figure 5 [42] [43] [44] . The crystal structures of all these complexes were found to be similar to those of the corresponding complexes before oxidation, which supports the CV results that significant structure changes did not occur in the course of the oxidation.
However, a close look into the details of the structures Table 1) . These structural features of the phenolate moiety in the oxidized Pd complex are in good agreement with the characteristics of the phenoxyl radical, which is in the quinoid form due to delocalization of the radical electron on the phenoxyl ring as shown in Scheme 3. Such properties were also detected for the Pd complex with a 6-membered dinitrogen chelate back bone, [Pd(Salpn)] SbF 6 [44] . In addition, the 6 counterion was positioned close to the quinoid moiety of this complex; the closest distance between the and the C-O carbon (4) 1.263 (7) 1.318 (7) 1.309 (9) 1.299 (10) 1.448 (7) 1.439 (7) 1.413 (5) 1.412 (5) 1.473 (8) 1.443 (7) 1.44 (1) .459 (10) 1.380 (8) 1.362 (7) 1.378 (5) 1.376 (5) 1.382 (9) 1.373 (9) 1.377 (10) 1.39 (1) 1.399 (8) 1.412 (7) 1.386 (6) 1.405 (6) 1.386 (9) 1.414 (9) (5) 1.393 (9) 1.398 (9) .409 (10) 1.41 (1) C 6 -C 1 1.424 (7) 1.437 (7) 1.423 (5) 1.427 (5) 1.470 (8) 1.426 (8) 1.44 (1) 1.43 (1) a The bond lengths are described for one two salen u olecule.
one-electron oxidized Pd(II) complexes can be assigned ver, a close look into the details of the structures re (Table 1) [42, 43] . On the other hand, the Pd complex showed an unsymmetrical contraction: One of the Pd-O bonds (2.003 Å) is longer than the other (1.963 Å), and the C-O bond (1.263 Å) of the phenolate moiety with the longer Pd-O bond is shorter than the other C-O bond (1.318 Å). The phenolate moiety with a shorter C-O bond length shows the lengthening of the ring ortho C-C bonds in comparison with the other C-C bonds ( Table 2) . These structural features of the phenolate moiety in the oxidized Pd complex are in good agreement with the characteristics of the phenoxyl radical, which is in the quinoid form due to delocalization of the radical electron on the phenoxyl ring as shown in Scheme 3. Such properties were also detected for the Pd complex with a 6-membered dinitrogen chelate back bone, [Pd(Salpn)] SbF 6 [44] . In addition, the 6 
SbF
− counterion was positioned close to the quinoid m ty of this complex; the closest distance between the 6 
− and the C-O carbon atom of the phenoxyl ligand 3.026 Å. Therefore, one-electron oxidized Pd(II) complexes can be assigned to relatively localized Pd II (phenoxyl)(phenolate) complexes. plexes a here contraction in both the two M-O and two M-N bond lengths (ca. 0.02 Å) upon oxidation, and the C-O bond distances of these complexes are also shorter than the same bonds before oxidation. These observations suggest that the complexes have the phenoxyl radical characteristics and that the radical electron is delocalized on the two phenolate moieties. Indeed, the XPS and K-edge XANES of an oxidized Ni complex showed the same binding energies and pre-edge peak of the nickel ion as those of the complex before oxidation [42, 43, 45] . These results supported that the valence state of the nickel ion is +II. On the other hand, Ni III complexes of salen-type ligands can be generated by the axial ligand coordination to the oxidized nickel complex. The X-ray crystal structure of the Ni III -salen-type complex, [Ni (salen)] 2 O, was reported in 2000 by Mitra et al. (Figure  6 and Table 1 ) [46] . The Ni III complex was a dinuclear species bridged by an oxo group with a 5-coordinated square pyramidal structure around each Ni III ion. The Nioxo bond is short (1.790 (2) (2) 1.269 (6) 1.333 (7) 1.310 (7) 1.309 (8) 1.300 (4) 1.292 (4) 1.322 (6) 1.301 (7) 1.303 (7) C 1 -C 2 1.444 (4) 1.437 (6) 1.441 (6) 1.441 (3) 1.457 (7) 1.393 (9) 1.439 (8) 1.436 (9) 1.440 (7) 1.448 (5) 1.436 (7) 1.431 (8) (6) 1.427 (7) 1.420 (7) 1.436 (8) 
− and the C-O carbon atom of the phenoxyl ligand was 3.026 Å. Therefore, one-electron oxidized Pd(II) com be assigned to relatively localized Pd II (phenoxyl)(phenolate) complexes.
In the case of Pt complexes, the XPS of the oxidized complex was slightly different from that before oxidation. The binding energies of the Pt ion in the oxidized complex were +0.2 eV on the phenolate m III d an increasing white line. Such spectral features suggest that the oxidation state of the Pt ion in the oxidized complex is higher than +II but that the differences are rather small [45] . From these results, [Pt(Salen)]SbF 6 can be described mainly as the Pt(II)-phenoxyl radical species, but the radical electron is fully delocalized over the whole molecule including the central metal ion [43] . Such an electronic structure is similar to that of [Ni (Salcn)]SbF 6 , and therefore, the X-ray structure of [Pt (Salen)]SbF 6 does not show significantly different characteristics from those of [Ni(Salcn)]SbF 6 .
The six-membered Ni II and Pt II Salpn chelate complexes are slightly different from the 5-membered dinitrogen chelate Salcn and Salen complexes [44] . The crystal structures of both oxidized Salpn co bited two crystallographically independent molecules in the unit cell, where the M-O and M-N bond lengths do Copyright © 2013 SciRes. AMPC Y. SHIMAZAKI 67 not differ substantially between the two molecules. The bond lengths in the coordination plane are ca. 0.02 Å shorter than those of the neutral complexes, and this contraction upon oxidation is in good agreement with that in the 5-membered dinitrogen chelate complexes ( Table 2) . However, the C-O bond lengths of the two phenolate moieties differed for the two independent molecules; one of the molecules showed very similar C-O bond lengths, while the bond lengths in the other molecule were slightly different, showing a similar tendency to that of the oxidized Pd complexes ( Table 2) . Therefore, the 6-membered chelate Ni and Pt complexes can be considered to be closer to the localized phenoxyl radical metal (II) complexes in comparison with the 5-membered chelate complexes of Salcn and Salen due to the chelate effect of the dinitrogen backbone. Such characteristics of the more localized radical electron in oxidized Ni II and Pt II Salpn complexes are also observed in the spectroscopies [47] , which indicate that the X-ray structures reflect the electronic structures of the complexes.
Cu(II)-Salen-Type Complexes.
The electronic structure determinations of the Cu complexes are clearly made by X-ray structure analyses. nolate moiety of the shortened C-O bond. These features ely localized Pd (phenoxyl) (phenolate) structure. The l calized electronic structure ngths within the phenolate rings do not differ eak axial Cu-F interaction (2.76 Å) exists between the counterion and the metal center [48] . The position of counteranion suggests that [Cu(1,2-Salcn)]SbF 6 has a Cu III character. In addition this complex showed contraction of the coordination sphere without shortening of the C-O bonds of both phenolate moieties, and distortion of the coordination plane was substantially reduced from that in Cu(1,2-Salcn). Such structural features are in good agreement with those of the low-spin d 8 Cu(III) complexes. Indeed, the XAF and XPS studies of [Cu (1,2-Salcn)]SbF 6 revealed the Cu(III)-phenolate ground state [48] . On the other hand, the 6-membered chelate dinitrogen salen-type complex, [Cu(1,3-Salcn)]SbF 6 , showed a weak interaction between the counterion and one side of the phenolate moieties, suggesting that this complex can be assigned to the Cu II -phenoxyl radical [49] . This complex shows that the C-O bond of one of the phenolate moieties is shortened and that the Cu-O bond with the shortened phenolate moiety becomes longer ( Table 3 ). The counterion is close to the phecorrespond well with those of the oxidized Pd(Salpn) complex having a relativ II o of this complex is inferred to be maintained in solution from the results of various spectroscopic methods. Such structural characteristics are also observed for [Cu(MeOSalcn)]SbF 6 [50] . One of the phenolate moieties in [Cu (MeO-Salcn)]SbF 6 showed the quinoid structural feature, the two C-O bonds between the carbon and oxygen atoms of the two phenolate moieties being shorter in comparison to those of the species before oxidation, Cu (MeO-Salcn). These results suggest that the small structural differences caused by chelate ring size and substitution in the phenolate ring lead to different electronic structures in the one-electron oxidized salen-type Cu II complexes.
The other one-electron oxidized complex, [Cu(Salphen-OMe)]SbF 6 , has a different electronic structure from the previous three salen-type complexes. The C-C and C-O bond le + is neither the two phenolates nor the central copper ion. A striking feature upon oxidation is the change in the bond lengths within the phenyl ring, and in addition the counterion 6 
SbF
− is located close to the o-phenylenediamine moiety. The C-C and C-N bond lengths of the o-phenylenediamine moiety in [Cu(Salphen-OMe)] + were different from ose before oxidation, indicating that the C-N bonds are contracted and the phenyl ring is distorted to the quinod form (Figure 8 ) [15] . Therefore, the oxidized complex, [Cu(SalphenOMe)]SbF 6 , can be assigned to the Cu(II)-diiminobenzene radical species. In this connection, the one-electron oxidized complex without any substitution on the ophenylenediamine moiety, [Cu(Salphen)] + , has a different electronic structure, which corresponds to the Cu(II)-phenoxyl radical species [52] . The methoxy substitution in the phenyl ring leads to a different electronic structure due to its electron donating property.
Summary
X-ray crystal structures of the one-ele generated as the simple electron transfer reaction products. However, subtle structural changes were detected by the recent X-ray crystal structure analys . The strucsignificant and important fo nderstanding the detailed es tural changes of phenolate ligands are rather small in comparison to the spectroscopic changes, but they are r u electronic structure of the oxidized metal phenolate complexes. The ligand oxidation product, the metal-phenoxyl radical complex, showed in general the quinoid configuration, especially for the p-methoxyphenoxyl radical due to its canonical forms. On the other hand, high-valent metal phenolate complexes, which are in the same formal oxidation state but with a different experimental valence state, exhibited the difference from the metal-phenoxyl radical complexes, whose metal phenolate oxygen bond length is contracted while the phenolate ligand C-O and C-C bond lengths do not show significant changes. Propcies of metal-ph type complexes ence to the relationship between geometrical and electronic structures. Significant structural changes from the precursor complexes are not detected in these radical complexes, since the phenoxyl radical complexes are Y. SHIMAZAKI 69 erties related with such structural features have been also observed in various physicochemical studies.
The structural features of metal-phenoxyl radical complexes are sometimes not identical, due to correlation with localization and delocalization of the radical electron. Therefore, one form of the phenoxyl radical, the quinoid form, is sometimes not clear in the crystal structures, while the structures of the phenolate moieties in de NCES localized complexes differ from the phenolate moiety of high-valent metal phenolate and localized metal phenoxyl radical complexes. Small but significant differences due to localization and delocalization have been detected, for example, for the group 10 metal 5-membered and 6-membered chelate salen-type complexes [42] [43] [44] , which indicates that X-ray crystal structure analysis can reveal detailed electronic structures of the complexes. However, detection of such structural differences is sometimes difficult, so that combination with the spectroscopic studies is important for understanding the detailed electronic structure of the target complexes. Further studies on the relationship between geometrical and electronic structures are in progress not only in our group but also in other groups. We hope to see very important and interesting results for understanding the electronic structure of the reaction intermediates based on the X-ray diffraction method.
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